Cyclin-dependent kinase (Cdk)5 is a key regulator of neural development. We have previously demonstrated that Cdk5͞p35 are localized to the postsynaptic muscle and are implicated in the regulation of neuregulin͞ErbB signaling in myotube culture. To further elucidate whether Cdk5 activity contributes to neuromuscular junction (NMJ) development in vivo, the NMJ of Cdk5 ؊/؊ mice was examined. Consistent with our previous demonstration that Cdk5 phosphorylates ErbB2͞3 to regulate its tyrosine phosphorylation, we report here that the phosphorylation of ErbB2 and ErbB3 and the ErbB2 kinase activity are reduced in Cdk5-deficient muscle. In addition, Cdk5 ؊/؊ mice also display morphological abnormalities at the NMJ pre-and postsynaptically. Whereas the outgrowth of the main nerve trunk is grossly normal, the intramuscular nerve projections exhibit profuse and anomalous branching patterns in the Cdk5 ؊/؊ embryos. The central band of acetylcholine receptor (AChR) clusters is also wider in Cdk5 ؊/؊ diaphragms, together with the absence of S100 immunoreactivity along the phrenic nerve during late embryonic stages. Moreover, we unexpectedly discovered that the agrin-induced formation of large AChR clusters is significantly increased in primary muscle cultures prepared from Cdk5-null mice and in C2C12 myotubes when Cdk5 activity was suppressed. These abnormalities are accompanied by elevated frequency of miniature endplate potentials in Cdk5-null diaphragm. Taken together, our findings reveal the essential role of Cdk5 in regulating the development of motor axons and neuromuscular synapses in vivo.
yclin-dependent kinase (Cdk)5, a Pro-directed Ser͞Thr Cdk, has been identified as a key regulator in neural development. Distinct from other Cdks, Cdk5 is not involved in cell-cycle control, and its activation requires the recruitment of neuron-specific activators p35 or p39 (1) . Much of our understanding on the involvement of Cdk5 in neuronal positioning is derived from genetargeting studies. Cdk5 Ϫ/Ϫ mice exhibit widespread disruption of normal lamination in brain regions (2), and similar cortical lamination disruption has also been reported in the p35 Ϫ/Ϫ mice (3). Furthermore, the defects observed in the fasciculation of axon tracts in p35 Ϫ/Ϫ mice suggest that Cdk5 is also involved in axon patterning (4) .
In addition to gene-targeting studies, identification of the repertoire of Cdk5 protein substrates revealed that this multifaceted kinase is also involved in other key functions in the nervous system, including neurite outgrowth, axon guidance, and neuronal survival (1) . The localization of Cdk5͞p35 to synapses and identification of various substrates at both pre-and postsynaptic terminals suggest that Cdk5 may play a functional role in synapse formation (5) (6) (7) (8) . The neuromuscular junction (NMJ) has served as an excellent model for explicating the pathways implicated in synapse formation. Formation of the NMJ requires precise and coordinated interactions among motor nerve terminals, Schwann cells, and muscle fibers (9) . NMJ formation is marked by the clustering of acetylcholine receptors (AChRs) followed by the stabilization of AChR clusters and the formation of endplate band at embryonic day (E)18.5. Two key signaling pathways involving receptor tyrosine kinases, muscle-specific kinase (MuSK) and ErbB receptors, emerge as prominent players in postsynaptic differentiation at the NMJ (10) . Agrin, released by motor neurons, binds to the MuSK-receptor complex and activates its downstream signaling cascade in muscle, leading to the clustering of AChRs (11) . Activation of ErbB, on the other hand, requires neuregulin-1 (NRG) (also known as ARIA), a member of a family of growth factors produced by alternative splicing of the nrg-1 gene (12) . NRG binds to ErbB receptors and, through the initiation of Erk signaling pathway, induces the transcription of synapse-specific genes, such as AChR subunits (13) . Nonetheless, recent studies indicate that, although conditional mutant mice lacking NRG or ErbB receptors exhibit neuromuscular defects, the pattern of AChR transcription remains grossly normal in these mice (14) (15) (16) .
We have previously reported that Cdk5͞p35 is localized to the adult NMJ and is involved in regulating NRG-activated downstream signaling in myotube culture (5) . To assess the roles of Cdk5 in synapse formation in vivo, we examined the development of NMJ in mice lacking Cdk5. In particular, we focused on examining the diaphragm muscle, where synaptogenesis has been well characterized (17) . Our analysis shows that there are pre-and postsynaptic defects at the developing NMJ in Cdk5-deficient embryos, thus revealing an important role of Cdk5 in the formation of peripheral synapses.
Cell Culture, Transfection, and AChR Clustering. Cdk5 knockout embryos were collected and genotyped as described in ref. 2. Primary muscle culture from Cdk5 Ϫ/Ϫ embryos and mouse C2C12 cells were prepared and maintained as described in ref. 5 . A Cdk5 inhibitor, Ros (5), was added to the myotube culture before agrin (5 ng͞ml) or NRG (3 nM) treatment. Schwann cells were purified from the sciatic nerve of postnatal day 1 rats, as described in ref. 18 . For survival assay, the cells were fixed and labeled by using TUNEL assay (Promega) and Hoechst 33342 (Sigma), as described in ref. 19 . Chemically modified small interfering RNA (siRNA)-targeting Cdk5 was designed and synthesized according to the manufacturer's instruction by using the Stealth RNA interference technology (Invitrogen). Differentiated C2C12 myotubes were transfected with Cdk5 siRNA by using Lipofectamine 2000 (Invitrogen).
Primary muscle and C2C12 myotube cultures were treated with recombinant agrin for 16 and 8 h, respectively. Myotubes were stained by using ␣BTX, and the AChR clusters from Ϸ20 random fields per dish were imaged by using a confocal microscope for primary muscle culture and fluorescent microscopy (Leica) for C2C12 myotubes (n ϭ 3 dishes). The area of AChR clusters was measured by using Metamorph IMAGE ANALYSIS software (Universal Imaging, Downingtown, PA).
Northern Blot, Real-Time PCR Analysis, and Whole-Mount in Situ Hybridization. Total RNAs of mouse tissues were prepared by lithium chloride͞urea extraction, and Northern blot analysis was performed as described in ref. 20 . Total RNA of Schwann cells was collected, reverse transcribed, and used for real-time PCR analysis according to the manufacturer's instruction. The identity of PCR products was confirmed by Southern blot analysis. For wholemount in situ hybridization, a digoxigenin-labeled cRNA probe specific for mouse AChR␣ subunit was transcribed in vitro, and hybridization was performed as described in ref. 21 .
Immunohistochemical Analysis, Immunoprecipitation, and Kinase Assays. For immunohistochemical analysis, diaphragm muscles from E15.5 to E18.5 embryos were dissected, fixed, and stained with Abs against NF150 (1:500), synaptophysin (1:100), or S100 (1:100), followed by FITC-conjugated goat anti-rabbit Ab and ␣BTX (22) . Z-serial images were collected with confocal microscopy (BX61, Olympus). The images presented represent single-projected images derived from overlaying each set of Z-images.
Limb muscles from E18.5 embryos were collected for ErbB phosphorylation and kinase assays as described in refs. 5 and 23. Detection of p35-associated Cdk5 kinase activity in Schwann cells was performed as described in ref. 5 .
Electrophysiology. The intact diaphragms with attached phrenic nerves were dissected from E18 embryos and placed in oxygenated NMR solution. The resting membrane potential and spontaneous miniature end-plate potentials (MEPPs) were recorded by a microelectrode amplifier (Axoclamp 2B, Axon Instruments). The ability of phrenic nerve to conduct electrical signals was tested by stimulating the nerve supramaximally via a suction electrode connected to a stimulus isolation unit (Digitimer, DS-2). At the end of experiment, the presence of functional AChRs was tested by bath application of the agonist carbachol (50 M). Data were collected and analyzed by PCLAMP (ver. 7, Axon Instruments, Union City, CA) and MINIANALYSIS (ver. 5.1, Synaptosoft, Decatur, GA).
Data Analysis and Statistics. Immunoblots were scanned, and the band intensity was quantified by using IMAGE J software (National Institutes of Health, Bethesda). The width of AChR endplate zone, area of AChR clusters, and axon length were quantified by using Metamorph IMAGE ANALYSIS software (Universal Imaging). The width of AChR endplate zone in the diaphragm was measured as previously described; n ϭ 24 per images from three diaphragms (24) . The average axon length was quantified by measuring the average axon length extended from the main nerve trunk. The statistical significance of the quantitative analysis was determined by using the unpaired Student t test. The MEPPs were analyzed with the aid of MINIANALYSIS software and compared by using the one-way ANOVA followed by the Tukey test.
Results

ErbB Receptor Phosphorylation and Activity Were Attenuated in
Muscles of Cdk5 ؊/؊ Embryos. We have previously reported that Cdk5 phosphorylates ErbB2͞3 receptor at Ser and Thr residues to regulate the Tyr phosphorylation of the receptors (5, 25) . Consistent with these findings, phosphorylation of ErbB2 and ErbB3 on Ser, Thr, and Tyr residues was reduced in muscle lacking Cdk5 (Fig.  1A) . Furthermore, ErbB2 kinase activity was reduced in Cdk5 Ϫ/Ϫ muscle by Ϸ60%, when compared with that of WT (Fig. 1B) . Whereas the levels of AChR␣ and AChR transcripts were not significantly altered in Cdk5 Ϫ/Ϫ hindlimb muscle (Fig. 1C) , localization of AChR clusters was slightly affected. In situ hybridization revealed that, although the transcript encoding the AChR␣ subunit was restricted to the synaptic sites and confined as a narrow band in the central region of the diaphragm for both WT and Cdk5 Ϫ/Ϫ diaphragms, the band was slightly broader (increased by Ϸ10%) in mutant diaphragms (Fig. 1D) . Furthermore, no obvious defects in the localization of specific pre-and postsynaptic site markers, such as SV2 and utrophin, were observed in Cdk5 Ϫ/Ϫ limb muscle (data not shown). Thus, ErbB signaling and AChR localization are affected in Cdk5 Ϫ/Ϫ muscles. 
Motor Axon Arborization and Increased Endplate Band Width in
Diaphragm Muscles of Cdk5 ؊/؊ Embryos. Newborn Cdk5 Ϫ/Ϫ mice exhibited cyanotic condition and reduced mobility of four limbs (2). In addition, we found that the forelimbs of Cdk5 Ϫ/Ϫ mice pointed downwards with diminished response to pinching stimuli. These observations are indicative of potential aberrant innervations at the NMJ. To determine whether the NMJ innervation was affected in Cdk5 Ϫ/Ϫ mice, motor axon projections in diaphragm muscles of Cdk5 Ϫ/Ϫ mice were examined. The phrenic nerves of E18.5 mice were visualized in whole-mount preparation by staining with NF Ab to label the intramuscular nerves. Remarkably, whereas the projections of motor axons terminated close to the main nerve trunk in control embryos, the motor axons of Cdk5 Ϫ/Ϫ embryos projected aberrantly, extending much further across the diaphragm muscle [ Fig. 2 A and B ; 83 Ϯ 9 m in E18.5 WT muscle (n ϭ 32) vs. 135 Ϯ 11 m in Cdk5 Ϫ/Ϫ muscle (n ϭ 45), P Ͻ 0.001]. The alignment of motor axon projections to the postsynaptic AChR endplates was further examined by visualizing presynaptic nerves with synaptophysin antibodies and AChR clusters with ␣BTX (Fig. 2C) . Whereas the nerve terminals were directly juxtaposed to AChR clusters in WT diaphragm, the preterminal axons extended a long distance from both sides of the nerves, passing through and projecting beyond the central band of AChR clusters in Cdk5 Ϫ/Ϫ diaphragm by E16.5 ( Fig. 2 C and D) . At E17.5, most of the nerve terminals failed to terminate at synaptic sites within the central band of AChR clusters in Cdk5 Ϫ/Ϫ embryo ( Fig. 2 C and D) . In agreement with our in situ hybridization observation, the width of the central band of AChR clusters was broader in Cdk5 Ϫ/Ϫ muscle (123 Ϯ 8 m in E17.5 WT diaphragm muscle vs. 160 Ϯ 8 m in Cdk5 Ϫ/Ϫ muscle; Fig. 2E ).
Number of Large AChR Clusters Was Increased in Primary Muscle
Cultures Prepared from Cdk5 ؊/؊ Embryos. Upon examination of AChR clusters, we observed that the size of AChR clusters in E18.5 Cdk5 Ϫ/Ϫ diaphragm was apparently larger than that observed in the WT control (Fig. 2F) . To verify whether the changes in AChR cluster size in vivo were attributable to the loss of Cdk5 activity, we first sought to determine whether Cdk5 regulates the size of agrin-induced AChR clusters in cultured myotubes. Myoblasts were isolated from WT and Cdk5 Ϫ/Ϫ embryos. Formation of myotubes was seemingly unaffected in the absence of Cdk5 activity. Before agrin treatment, very few AChR clusters were detected in both control and Cdk5 Ϫ/Ϫ myotube cultures (data not shown). Treatment with agrin induced the formation of large AChR clusters (Ͼ200 pixels) and small clusters (25-100 pixels) in cultured WT myotubes. Interestingly, the absence of Cdk5 activity altered the relative abundance of large and small clusters, where a significant increase in the number of large clusters and a reduction in small clusters were observed (Fig. 3 A and B) . To further elucidate the role of Cdk5 in AChR cluster size, we examined the effect of suppressing Cdk5 activity on agrin-induced AChR clusters in C2C12 myotubes. Treatment with Cdk5 inhibitor Ros before agrin treatment significantly increased the number of agrin-induced large AChR clusters (Ͼ150 pixels; Fig. 3 C and D) . Similarly, the number of agrin-induced AChR clusters was increased in myotubes transfected with Cdk5 siRNA (Fig. 3 E-H ). These observations suggest that the number and size of AChR clusters were enhanced when Cdk5 activity was attenuated. Finally, the effect of Cdk5 activity on the signaling implicated in agrin-induced clustering of AChR was examined. Agrin induces AChR clustering through the activation of Rho small GTPases and Pak (26, 27) . Interestingly, we found that blockade of Cdk5 expression also affected agrin-induced Pak phosphorylation and activity (data not shown).
Lack of S100-Immunoreactivity Along Phrenic Nerves in Cdk5 ؊/؊ Embryos. NRG signaling is a key regulator of Schwann cell survival during the early stages of development via the PI3K͞Akt pathway (28, 29) . Given our observation that Cdk5 affects NRG͞ErbB signaling (5), we were interested to examine whether the integrity of Schwann cells, an integral component of the NMJ, was affected in Cdk5 Ϫ/Ϫ embryos. Schwann cells in phrenic nerves were visualized by staining against S100 Ab. Whereas S100 staining accompanying the entire phrenic nerve could be observed in Cdk5 Ϫ/Ϫ embryos at E15.5 (Fig. 4A) , it was absent at E17.5 and E18.5 (Fig. 
B-D). Interestingly, the terminal Schwann cells remained intact in Cdk5
Ϫ/Ϫ embryos at both E17.5 and E18.5 stages (Fig. 4 B-D) . To verify whether the loss of S100 staining in Cdk5 Ϫ/Ϫ embryos was, at least in part, attributable to the absence of Cdk5 activity in Schwann cells, we first examined whether active Cdk5 is present in cultured Schwann cells. We found that low levels of p35 mRNA-and p35-associated Cdk5 activity could be detected in enriched Schwann cell culture (Fig. 4 E and F) . Because the decrease in S100 staining observed in mutant embryos could be due to the absence of S100 protein or loss of Schwann cells, the consequence of inhibiting Cdk5 activity on NRG-mediated Akt signaling and cell viability in cultured Schwann cells was investigated. Consistent with an earlier report (30) , NRG treatment induced the phosphorylation of Akt in these cells within 5 min (Fig. 4G) . Inhibition of Cdk5 activity by Ros (5) attenuated the NRG-induced phospho-Akt (50 Ϯ 3%). More importantly, whereas a significant increase in the survival of serum-deprived Schwann cells was observed in response to NRG treatment (Ͼ93%), this effect was attenuated in the presence of Ros (Fig. 4H) , suggesting that the lack of S100 staining in Cdk5 Ϫ/Ϫ phrenic nerves was likely due to the loss of Schwann cells. Interestingly, the morphology and functions of these Schwann cells and their expression profiles of ErbB receptors are quite different from terminal Schwann cells (18, 28, 31) . It is possible that the absence of defects in terminal Schwann cells of Cdk5 Ϫ/Ϫ embryos is, in part, because of their differential requirement of NRG͞ErbB signaling.
Neurotransmission Was Increased in Diaphragm Muscles of Cdk5 ؊/؊
Embryos. To examine whether the pre-and postsynaptic abnormalities observed in Cdk5 Ϫ/Ϫ mice affect synaptic transmission, intracellular recording of diaphragm muscle was performed. The majority of muscle fibers, irrespective of their genotypes, exhibited spontaneous MEPPs, either at rest or upon challenge by a high concentration of K ϩ . Moreover, application of carbachol caused massive contraction of all preparations tested (data not shown).
These observations indicate that mutant muscles had functional AChRs, which responded to quantal release of acetylcholine from nerve terminals. However, Cdk5
Ϫ/Ϫ muscles exhibited significantly higher frequencies of MEPPs, either at rest or after depolarization with 40 mM K ϩ (Fig. 5 B and D) . These findings suggest that presynaptic terminal functions at the NMJs were defective in mutant embryos, with an increase in spontaneous neurotransmitter release. Importantly, postsynaptic abnormality was also evident in Cdk5 Ϫ/Ϫ muscles, whereby they tended to receive bursts of synaptic activities upon challenge with 40 mM K ϩ (Fig. 5C ). Furthermore, distinctive types of MEPPs in some Cdk5 Ϫ/Ϫ muscles suggest that these muscles had motor endplates that were spatially far apart (Fig.  5C ). Because the recording electrodes were routinely placed in the central band of muscles, the slower MEPPs probably originated from more peripheral regions.
Discussion
We describe in this study that Cdk5 Ϫ/Ϫ mice exhibit pre-and postsynaptic defects at the developing NMJ, supporting an important role of Cdk5 in NMJ development. In Cdk5 Ϫ/Ϫ mice, defects were found at motor nerve terminals, Schwann cells, and muscle fibers. Projections of peripheral motor nerves exhibit aberrant branching patterns, with preterminal axons passing through the central band of AChRs in muscle. Loss of S100 protein along the phrenic nerve, broadening of the AChR endplate band, and changes in the size of AChR clusters in muscle were also detected. Finally, our electrophysiological studies reveal an important function of Cdk5 in regulating synaptic transmission, consistent with the role of Cdk5 in transmitter release and postsynaptic specializations.
It is noteworthy that the NMJ phenotype of Cdk5 Ϫ/Ϫ embryos reported here is, in some ways, similar to that of mutant mice lacking NRG or ErbB receptors (14) . Mice with defective NRG͞ ErbB signaling exhibit severe neuromuscular defects, including abnormal outgrowth and aberrant projections of phrenic nerves, absence of Schwann cells, and eventual degeneration of motor nerves. Whereas the NMJ phenotype of the Cdk5 Ϫ/Ϫ embryos is less severe than those reported for NRG͞ErbB mutant mice, the exuberant growth of motor axons is similarly observed. In addition, AChR endplate bands of diaphragm muscle remain largely unchanged or broadened in NRG͞ErbB-mutant mice (32, 33) , similar to that observed in Cdk5 Ϫ/Ϫ muscles. The similarity in the NMJ phenotypes between the NRG͞ErbB-mutant mice and Cdk5-null mice is consistent with our previous demonstration that Cdk5 activity is essential for the activation of NRG͞ErbB signaling at the NMJ. We show, in this study, that Cdk5 regulates the tyrosine phosphorylation of both ErbB2͞3 receptors, in addition to modulating ErbB2 kinase activity in vivo ( Fig. 1) (5, 25) . Despite the attenuation of ErbB-receptor activation in Cdk5 Ϫ/Ϫ muscle, AChR subunit transcription remains relatively unchanged, in contrast to our previous demonstration that Cdk5 is required for NRG͞ErbB-mediated regulation of AChR subunit transcription in myotube culture (5) . The differential effects of Cdk5͞NRG signaling on AChR transcription in vitro and in vivo might be due to the presence of redundant signaling mechanism in muscle, i.e., agrin͞MuSK (16, 34, 35) . In this study, we have identified an unexpected role of Cdk5 in agrin-induced clustering of AChRs. Although Cdk5-deficient myotube culture remains responsive to agrin, the sizes of AChR clusters are larger. Similar observations of larger PSD-95 and channel receptor clusters were evident in central synapses of Cdk5-deficient cortical neurons (8) . This finding supports the possibility that Cdk5 regulates the clustering of channel receptors at both central and peripheral synapses. During the formation of NMJ, AChR clusters are initially assembled into microclusters, followed by condensation and formation of large clusters. Cdk5 may thus regulate the size of AChR clusters through the regulation of formation and͞or stabilization of AChR clusters.
How may Cdk5 regulate the formation or stabilization of AChR clusters? To a large extent, the initial clustering of AChRs at the NMJ is mediated by agrin͞MuSK signaling (36) . Because MuSK fails to associate with Cdk5͞p35 (5) and does not contain optimal consensus sequences for Cdk5, the effect of Cdk5 on AChR clustering observed in this study is likely not mediated by a direct effect on MuSK but, rather, by modulating downstream signals. Binding of agrin to the MuSK receptor complex, for example, leads to the activation of Rac and Pak (26, 37) . Because Cdk5 has been shown to phosphorylate Pak and RhoGEF, which could activate Rho activity (38, 39) , Cdk5 may directly or indirectly impact on the clustering of AChRs. The detailed mechanism underlying the effect of Cdk5 on this aspect of postsynaptic specialization remains to be elucidated. Alternatively, Cdk5 may affect the disassembly of AChR clusters. NRG͞ErbB activation was suggested to decrease the agrin-induced AChR clusters by increasing the rate of AChR disassembly (40) . It is, therefore, possible that attenuation of ErbB-receptor activation in Cdk5-deficient myotubes or mutant muscle regulates the AChR clustering.
Upon stimulation of phrenic nerves, mutant diaphragms respond with a massive contraction, indicating that the AChR endplates are functional in Cdk5 Ϫ/Ϫ embryos. The increase in MEPP frequency observed in Cdk5 Ϫ/Ϫ muscle suggests an increase of spontaneous ACh release at the presynaptic terminals, implicating an enhanced synaptic transmission at the NMJ of Cdk5 Ϫ/Ϫ mice. This observation is consistent with the suggested functions of Cdk5 in neurotransmitter release previously proposed, because Cdk5 has been identified to phosphorylate various substrates at nerve terminals that are involved in vesicle exocytosis, endocytosis, and recycling (41) (42) (43) . Although the molecular mechanism underlying the regulation of the transmitter release by Cdk5 is unclear, here we demonstrate that absence of Cdk5 promotes the transmitter release at peripheral synapses in vivo.
In summary, Cdk5 deficiency leads to aberrant pre-and postsynaptic development of the NMJ and defects in intracellular signaling in muscle. Although Cdk5 activity is prominently detected in neurons, we have shown that the defects at the NMJs are, at least in part, contributed by Cdk5 activity in Schwann cells or postsynaptic muscle. The NMJ phenotype observed in the Cdk5 Ϫ/Ϫ embryos highlights the potential importance of this kinase in orchestrating diverse signals to direct synapse formation. Although Cdk5 functions at the NMJ are just beginning to be explored, our data demonstrate the essential role of Cdk5-mediated signaling in the development of peripheral synapses and reveal the unexpected involvement of Cdk5 in regulating the clustering of AChRs. Further studies to decipher the functions of Cdk5 through the identification of Cdk5 substrates in muscle will lead to additional insights into the molecular mechanisms underlying synapse formation. Generation of conditional knockout mice that lack Cdk5 expression in motor nerve or muscle, for example, will also provide insights into molecular mechanisms that underlie the abnormal phenotypes observed.
